We developed a new simple assay for potassium ion in serum using urea amidolyase (VAL) from yeast sp. The method is based on activation of the enzyme by potassium ion. We eliminated endogenous ammonium ion by use of glutamate dehydrogenase (GLDH), and then monitored the production of ammonium ion by VAL, urea, ATP, bicarbonate and magnesium ions. Ammonium ion was produced proportional to the potassium ion concentration and was determined by adding GLDH to produce NADP+ in the presence of 2-oxoglutarate and NADPH. We monitored the change of absorbance at 340 nm. The inhibitory effect of calcium ion to this assay was eliminated by adding glycoletherdiamine-N, N, N', N'-tetraacetic acid to the reaction. The within-assay coefficients of variation (CV) of this method were 0·99-1'55% (n = 10) at 3·32--6·18mmol/L, Day-to-day CVs ranged from 1-49% to 2·46%. The analytical recovery was 96-108%. The correlation coefficient between the values obtained by our method (y) and those by the ion-selective electrode (lSE) method (x) was 0·994 (y = 1·032x -0·166 mmol/L, Sv'x = 0'110, n = 100). The presence of bilirubin, haemoglobin or other ions did not affect this assay, confirming the usefulness of this assay for clinical purposes.
Potassium in body fluids has generally been determined by flame photometry or the ionselective electrode (lSE) method, but the maintenance of such analysers in good condition requires much care in routine analysis. In recent years, several spectrophotometric methods have been developed using ionophores as colourproducing reagents for determination of potassium ion concentrations. 1-3 More recently, Berry et al. " have reported an enzymatic method involving pyruvate kinase (EC 2.7.1.40) where they used a cryptand ionophore to eliminate the effect of other ions. We also recently reported an enzymatic method with tryptophanase (EC 4.1.99.1). 5 Vrea amidolyase (VAL; EC 3.5.1.45) is a multi-functional enzyme, which catalyses two reactions in association with urea cleavage; first Correspondence: Dr S Kimura. 384 carboxylation of urea with urea carboxylase (EC 6.3.4.6), and second, hydrolysis of allophanate with allophanate hydrolase (EC 3.5.1.54). 6, 7 This enzyme also requires potassium ions for its activation. We applied this property to develop an automated assay for serum potassium ion.
MATERIALS AND METHODS

Apparatus
Enzymatic measurement of potassium ion was performed with the Hitachi Model 7070 automatic analyser (Hitachi Co Ltd, Tokyo, Japan; also known as the Hitachi 911 in USA or Europe). For comparison, the conventional ISE method was performed with the A & T Model EA05 (A & T Co Ltd, Tokyo, Japan).
Reagents
Sodium chloride, potassium chloride, ammonium sulphate, lithium carbonate, calcium acetate, magnesium acetate, zinc acetate, sodium bicarbonate, manganese sulphate, copper sulphate, 2oxoglutaric acid, bovine serum albumin (BSA), imidazole and hydrochloric acid (analytical grade) were purchased from Wako Pure Chemical Industries Ltd (Osaka, Japan). NADPH (Oriental Yeast Co Ltd, Osaka, Japan), haemoglobin, and bilirubin conjugate (International Reagent Co Ltd, Kobe, Japan) were also of analytical grade. Tris was obtained from Sigma Chemical Co (St Louis, MO, USA). Triethanolamine (TEA) was purchased from Merck (Darmstadt, Germany), and glycoletherdiamine-N, N, N', N'-tetraacetic acid (GEDTA) from Dojindo Lab, Kumamoto, Japan. GLDH and VAL (URL-311, lot: 51651) were purchased from Toyobo Co Ltd (Osaka, Japan).
Preparation of reagents: Imidazole buffer (200mmol/L; pH 7·0 at 37°C) was used as buffer solution.
First reagent was made up with BSA (3 g/L), 2-oxoglutaric acid (14,4 mmol/L), NADPH (0,53 mrnol/L), urea (4'47 mmol/L), sodium bicarbonate (51,4 mrnol/L), GEDTA (0' 5 mmol/ L), magnesium acetate (7,2 mmol/L), UAL (230-4 U/L) and GLDH (43·2KU/L), dissolved in the above buffer solution.
Second reagent was made up with BSA (3 g/L), ATP (9'72mmol/L), urea (4-47mrnol/L), sodium bicarbonate (51'4mmol/L) GEDTA (0'5mmol/ L) and magnesium acetate (7'2mmol/L), dissolved in the buffer solution.
The calibrator was physiological saline with or without 6·0 rnmol/L potassium chloride.
Assay principle
The first reaction is elimination of endogenous ammonium ion by use of GLDH, 2-oxoglutarate and NADPH:
The second reaction is measurement of the reaction rate with UAL, which is activated depending on the amount of potassium ion present in the sample: The amount of ammonium ion produced IS proportional to that of potassium ion and is determined by GLDH in the presence of NADPH and 2-oxoglutarate as shown in the New enzymatic assay for potassium 385 above formula. The decrease in NADPH concentration is monitored at 340 nm.
Assay procedure
The assay was performed with a two-point fixedtime rate assay at 37°C on the Hitachi 7070 automatic analyser. Ten microlitres of standard solution or serum was mixed with 250 ilL of the first reagent, and kept for 5 min at 37°C. After the addition of 100 ilL of the second reagent, the absorbance was monitored from 5 to 8 min, and the rate of the reaction catalysed by UAL was measured by the decrease of absorbance at 340 nm for 3 min at 20 s intervals, using the absorbance at 700 nrn as a reference.
Specimens
Serum specimens were collected from 100 patients with various diseases at the Osaka University Hospital.
RESULTS
Determination of optimum assay conditions
We examined the effect of three different buffer solutions (Tris-HCI, imidazole, and TEA) on the UAL activity at various pHs. We observed maximal activity with the TEA buffer at pH 7·5 to 8,0, but the absorbance of the blank reaction with this buffer was high. The Tris-HCI buffer has been known to bind only a negligible amount of divalent cations." The optimum pH of imidazole buffer for this enzyme was around 7·5 to 8'0, but under these conditions the K m value (2'63 x 10-2 ) was too high for rate determination of serum potassium ion. By changing the pH to 7'0, the K m value (5,56 x 10-3 ) for potassium ion was decreased and this pH provided suitable conditions for the rate measurement of potassium. We selected the imidazole buffer (pH 7'0) for this study.
We also tried to find the optimal concentrations of urea, ATP, bicarbonate, magnesium ion, and UAL. The K m value for each reagent was obtained from the Lineweaver-Burk plot; 0-435 mmol/L for urea, 0·27 mmol/L for ATP, and 5·0 mmol/L for bicarbonate. Further, each K m value was also obtained by Hanes-Woolf plots for this enzyme. K m values obtained by the two methods were not different. The final concentrations of substrates and coenzymes were set lO-fold higher than respective K m values. However the K m value for magnesium ion could not be measured by use of Lineweaver-Burk plots and Hanes-Woolf plots. Therefore we employed a magnesium ion human pooled sera ranged from 96% to 108%. Each sample was assayed in triplicate, and the mean value was shown. The mean analytical recovery was 101·3%. We found no interference on addition of Na + (200 mmoljL); NH 4 + (2'0 mmol/L); Li + (3'OmmoljL); HPol-(lO'OmmoljL); Ca 2 + (10'0 mmoljL); Zn2+ (l00 /lmoljL); Mn 2 + (50/lmoljL); Cu2+ (100 /lmoljL); bilirubin FIGURE 2. Standard curve for the enzymatic a.lsay of potassium ion. The regression equation between the reaction rate (lOOOx6A340/700/3 min) (y) and the potassium ion concentration (mmoll L) (x) was y= 12'088x-0'020 (r= J-OOO). Evaluation of the assay The calibration curve was linear for potassium ion concentrations up to at least 8·00 mmoljL, as shown in Fig. 2 .
We estimated the detection limit of this method by assaying the 0 calibrator (physiological saline) 10 times. The mean result (SD) was 0,20(0,07) mmoljL. The detection limit, defined as three standard deviations above the zero standard was 0·41 mmoljL.
The within-assay and day-to-day reproducibilities for three different human pooled sera were tested. Within-assay CVs ranged from 0·99% to 1'55%, while day-to-day CVs were between 1·49% and 2·46% (Table 1) .
The analytical recovery of potassium ion (0' 5, 1·0 and I· 5 mmoljL) added to four different concentration around 7·0mmoljL at which concentration the maximal reaction occurs. The assay was carried out under these conditions. The optimal UAL activity in the rate assay for potassium was obtained at a final concentration of 160 U jL, at which the time course of reaction showed the most quantitative dose response curve.
Because calcium ion is a very strong inhibitor of UAL (see Discussion), GEDTA, a specific potent chelator of calcium ion, was used 9 • 10 in the assay. As the calcium ion concentration in serum ranged from 2·0 to 2'5mmoljL and the serum was diluted 36-fold with the reagents in our assay, the final concentration of calcium ion in the assay medium was around 0·058 to 0·069 mmoljL. When calcium ion (0'5mmoljL) was added to the potassium ion solution (5'OmmoljL), concentration of potassium ion could not be measured. However, addition of GEDTA (>0'5mmoljL) completely abolished this inhibitory effect of calcium ion and enabled us to measure potassium ion correctly. We therefore added O' 5 mmoljL of G EDTA to the reaction system, which was sufficient to remove endogenous calcium ion.
GLDH concentration was optimized by noting that the reaction reached completion within 2 min at GLDH concentrations over 30 KUjL, and we employed this concentration in the assay. Figure 1 shows a typical time course for the first reaction to eliminate endogenous ammonium ion and the second reaction to measure the potassium ion concentration. The first reaction finished within 2 min, and the absorbance decreased linearly with time in the second reaction. The change in absorbance was monitored between 5 and 8 min after the addition ofthe second reagent. The final enzymatic method was precise with a reasonable analytical recovery without interference from a number of possible contaminants, and showed a good correlation with a conven-CONCLUSION DISCUSSION (219 rng/L, 374 J.lmol/L); and haemoglobin (5,0 giL) to pooled human sera containing 3-45 and 4·28 mrnol/L of potassium. We also examined the correlation between our enzymatic method (y) and the conventional ISE method (x). The correlation coefficient (r) was 0·994 with the regression line y = 1'032x -0·166 mmol/L (Sy-x= 0,110, n = 100) ( Fig. 3 ).
We developed a new, simple enzyme-coupled assay for potassium ion by making use of the enhancement of VAL activity by potassium ion. An increase in VAL activity was observed in the presence of potassium or ammonium ion, but inhibition was observed in the presence of calcium ion. EDTA and GEDTA have widely been used as chelating reagents, but EDTA could not be used in the present assay because the affinity of EDTA for magnesium ion is very strong, and magnesium ion is required for activation of VAL. The affinity of GEDTA for calcium ion is stronger than that for magnesium ion and we therefore used GEDTA as a chelating reagent to remove calcium ion. The effect of final calcium ion concentrations from 0 to 0·5 mrnol/L on the reaction of VAL was examined by adding these to a potassium ion solution of 5·0 mmol/L, In the absence of GEDTA, the enzyme reaction was completely inhibited by 0·2 mmol/L calcium ion. Therefore, we added 0'5mmol/L ofGEDTA in the assay to eliminate the effect of calcium ion. BSA was added to the first and second reagents to stabilize the enzymes and other cofactors. The reagents were stable for 3 days at 4°C. The whole procedure takes 15mins.
